Roghair RD, Volk KA, Lamb FS, Segar JL. Impact of maternal dexamethasone on coronary PGE 2 production and prostaglandindependent coronary reactivity. Am J Physiol Regul Integr Comp Physiol 303: R513-R519, 2012. First published July 25, 2012 doi:10.1152/ajpregu.00658.2011.-Intrauterine growth restriction is associated with increased fetal glucocorticoid exposure and an increased risk of adult coronary artery disease. Coronary arteries from sheep exposed to early gestation dexamethasone (Dex) have increased constriction to angiotensin II (ANG II). Prostaglandin E2 (PGE2) helps maintain coronary dilation, but PGE2 production is acutely decreased by Dex administration. We hypothesized early gestation Dex exposure impairs adult coronary PGE2 production with subsequent increases in coronary reactivity. Dex was administered to ewes at 27-28 days gestation (term 145 days). Coronary reactivity was assessed by wire myography in offspring at 4 mo of age (N ϭ 5 to 7). Coronary smooth muscle cells were cultured and prostaglandin production was measured after 90 min incubation with radiolabeled arachidonate. Coronary myocytes from Dex-exposed lambs had a significant decrease in PGE2 production that was reversed with ANG II incubation. Dex-exposed coronary arteries had increased constriction to ANG II and attenuated dilatation to arachidonic acid, with the greatest difference seen after the endothelium was inactivated by rubbing. Preincubation with the cyclooxygenase (COX) inhibitor indomethacin altered control responses and recapitulated the heightened coronary tone seen following Dex exposure. We conclude that impaired coronary smooth muscle COX-mediated PGE2 production contributes to the coronary dysfunction elicited by early gestation Dex. Programmed inhibition of vasodilatory prostanoid production may link an adverse intrauterine environment with adult coronary artery disease.
WHILE MATERNAL malnutrition and intrauterine growth restriction are independent risk factors for adult cardiovascular disease (10, 19, 33) , the pathways and cells types responsible for the inception and propagation of programmed cardiovascular disease have not been fully elucidated. Given their acute physiological effects and potential to elicit epigenetic alterations (13) , a number of laboratories have investigated the programming effects of exaggerated intrauterine glucocorticoid exposure. An association between intrauterine steroid exposure and adult cardiovascular disease has been seen in studies showing infants with a low birth weight-to-placenta ratio have the highest risk of hypertension and the lowest activity of placental 11␤-hydroxysteroid dehydrogenase (11␤HSD) (1) . As the enzymatic barrier to transplacental glucocorticoid transfer, 11␤HSD typically limits fetal exposure to maternal glucocorticoids, suggesting increased intrauterine glucocorticoid exposure may contribute to adult cardiovascular disease (5, 28) .
A direct relationship between intrauterine glucocorticoid exposure and cardiovascular disease has subsequently been demonstrated across animal species. In rats, synthetic glucocorticoid administration during the last week of pregnancy increases offspring blood pressure (2, 18) . Similarly, pharmacological inhibition of 11␤HSD during pregnancy leads to hypertension in adult offspring (21) . Likewise, sheep receiving early gestation dexamethasone (Dex) develop hypertension and coronary artery dysfunction (12, 34) . Within this established sheep model, we have now shown that adolescent lambs exposed to Dex in utero have increased coronary constriction to angiotensin II (ANG II) and increased ANG II-induced NAD(P)H oxidase activation (34, 35) . Because this programmed coronary dysfunction is independent of changes in ANG II receptor expression (34), we pursued additional pathways that might modulate ANG II-mediated coronary reactivity.
Coronary dysfunction involves both inflammation and altered vascular tone. In atherosclerotic plaques, there is a complex upregulation of ANG II, NAD(P)H oxidase, and cyclooxygenase-2 (COX2) (14, 38, 40) . Recent investigations suggest the induction of COX2 expression and subsequent prostaglandin production may provide compensatory coronary artery dilatation in pathological or inflammatory states (8) . Nonsteroidal anti-inflammatory agents and glucocorticoids intervene in this process by potently inhibiting prostaglandin production and PGE 2 excretion (16) .
Beyond global effects on prostanoid production, Dex alters the balance between vasodilatory and vasoconstrictive prostanoids through downregulation of functionally coupled COX2/ PGE synthase (17, 23, 26, 27, 29, 43) . With recent studies showing the potent vasodilator PGE 2 is the major prostanoid produced in the coronary circulation (31, 41) , the functional coupling between COX2 and PGE synthase may play a particularly important role in coronary artery physiology. We hypothesized that a suppression of coronary myocyte PGE 2 production is an important downstream mechanism of glucocorticoid-mediated fetal programming, resulting in heightened coronary artery tone and increased agonist-induced vasoconstriction.
METHODS
Animal model. All procedures were performed within the regulations of the Animal Welfare Act and the National Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved by the University of Iowa Animal Care and Use Committee. Time-dated pregnant ewes (mixed Dorset-Suffolk breed) were obtained from Iowa State University (ISU) and housed at the ISU Agricultural Station throughout the study. At 27-28 days gestation, half of the ewes were randomized to receive Dex (0.56 mg/kg) by continuous intravenous infusion over 48 h. Notably, maternal glucocorticoid-dosing guidelines were established by dose-ranging studies in sheep (20) , and the early pregnancy exposure we utilized approximates the dose (but not the timing) of Dex used clinically before threatened preterm delivery (24 mg or ϳ0.5 mg/kg during the later stage of pregnancy). On a millgram per kilogram basis, the dose we utilized is lower than that used in other preclinical studies that have shown Dex-induced suppression of vascular PGE2 metabolism, including studies in rats (16) and pigeons (11) . The timing of the exposure is designed to mimic the effects of maternal-fetal stressors that are operative early in pregnancy. Lambs were born at term (ϳ145 days gestation) and were allowed to nurse ad libitum before weaning to pasture.
Coronary myocyte culture. At 4 mo of age, Dex-exposed and control lambs were euthanized with intravenous pentobarbital sodium (50 mg/kg; Abbot Laboratories, Abbott Park, IL). Left anterior descending coronary artery segments were placed in ice-cold PSS with penicillin G (100 U/ml) and streptomycin sulfate (100 g/ml) and then incubated in minimal essential medium (MEM) with collagenase (1 mg/ml) at 37°C for 60 min. Cells were plated onto collagen-coated dishes, and the cultures were maintained until confluent at 37°C in a humidified atmosphere containing 5% CO2. The incubation media was changed at frequent intervals until second passage cells reached 80% confluence (over 7-9 days). Cells were identified as myocytes given positive staining for ␣-smooth muscle actin and negative staining for von Willebrand factor.
Radiolabeled arachidonate metabolism. After overnight serum deprivation (0.1% fetal calf serum), coronary myocytes were equilibrated for 1 h in buffer containing 0.1 M fatty acid-free bovine serum albumin (Sigma) followed by 90 min incubation in buffer containing 5 M [ 3 H]arachidonic acid (Perkin-Elmer Life Sciences, Boston, MA). To stimulate prostaglandin production or release, additional incubations were performed in the presence of ANG II (10 Ϫ10 or 10 Ϫ7 mol/l). Lipids in the medium were extracted with formic acid followed by addition of ice-cold, water-saturated ethyl acetate. The extracts were dried, and then the lipids were resuspended in acetonitrile and separated by reverse-phase HPLC with a dual pump gradient on a 5-m 4.6 ϫ 150 mm Discovery C18 column. The retention times of products within the incubation solution were compared with those seen with authentic radiolabeled eicosanoid standards for identification and quantification.
Coronary reactivity. Simultaneous with the left anterior descending coronary harvest for myocyte culture, circumflex coronary arteries were harvested for myography and studied at optimal resting tension (0.7 g-force), as previously described (34) . The endothelium of one segment was rubbed with suture, and additional segments were preincubated for 10 min in either indomethacin (10 Ϫ5 mol/l; nonselective COX inhibitor), NS398 (10 Ϫ5 mol/l; selective COX2 inhibitor), or PSS buffer alone. The arterial segments were then preconstricted with endothelin-1 (10 Ϫ7 mol/l) to assess the subsequent vasodilatory responses to 10 Ϫ6 mol/l arachidonic acid. To verify endothelial inactivation with preserved contractile function, coronary responses to bradykinin (10 Ϫ7 mol/l) were evaluated. All intact and rubbed vessels initially constricted, but those with a rubbed endothelium lacked subsequent vasodilation (Fig. 1) . To further define the role of prostaglandins in programmed coronary reactivity, additional circumflex coronary arteries were collected from a second set of lambs. Initially, contractile responses to 120 mmol/l KCl were recorded, and rings achieving Ͻ0.5 g-force were excluded from further analysis. Coronary segments were then reequilibrated and cumulative concentration-response curves were generated for either ANG II (10 Ϫ11 to 10 Ϫ7 mol/l) or the thromboxane A2 mimetic U46619 (10
Ϫ10
to 10 Ϫ6 mol/l) following a 10-min preincubation with indomethacin (10 Ϫ5 mol/l), bumetanide (10 Ϫ5 mol/l), or buffer alone. Bumetanide inhibits Na-K-2Cl cotransporters and increases COX2-dependent prostaglandin production (7, 44) . All compounds were acquired from Sigma Chemical (St. Louis, MO) with the exception of endothelin-1 and U46619, both supplied by Alexis (San Diego, CA).
Immunoblots. Western blot analysis for COX1 and COX2 was performed on second passage coronary smooth muscle cells from the initial set of sheep, as well as left anterior descending coronary artery segments from the second set of sheep, as previously described (34) . Primary antibodies (Santa Cruz Biotechnology, Santa Cruz, CA) were raised in rabbits. Nitrocellulose blots (20 g protein/lane) were incubated with the primary antibody overnight at 4°C (cells) or 2 h at room temperature (arterial segments). Blots were rinsed, washed, and then incubated for 1 h with a 1:10,000 dilution of goat anti-rabbit infra-red labeled secondary antibody (Molecular Probes, Eugene, OR). Expression was quantified using the Odyssey infrared scanner (Li-Cor, Lincoln, NE). Simultaneous analysis was completed for Dex and control-exposed vessels. For the arterial segments, two replicates were performed for COX1 expression and four replicates for COX2 expression. For each replicate, results were normalized by setting the mean densitometry of the control at 100%. Replicates were averaged for each sheep before obtaining the group average.
Data analysis. Data are presented as means Ϯ SE. Growth parameters, discrete vascular responses, immunoblot band density, and prostaglandin levels were compared using Student's unpaired, twotailed t-test (with significance at P Ͻ 0.05). Cumulative concentration-responses were compared using analysis of variance (ANOVA), factoring for treatment group and the presence or absence of inhibitors. If ANOVA identified significant differences (P Ͻ 0.05), pairwise comparisons were made using the Tukey test. All analyses were performed using SigmaStat 3.0 (SPSS, Chicago, IL).
RESULTS
Myocyte culture. Smooth muscle cell cultures ( Fig. 2A) were utilized to evaluate coronary arachidonate metabolism with radiolabeled eicosanoid detection by HPLC (Fig. 2B) . While three of four control cultures produced PGE 2 , no PGE 2 was produced by myocytes cultured from Dex-exposed sheep (P Ͻ 0.05, Fig. 2C ). Incubation with ANG II selectively increased PGE 2 production by myocytes from Dex-exposed sheep (P Ͻ 0.05, Fig. 2C) . Production of the only other eicosanoid identified, 6-keto-PGF1␣ (stable metabolite of prostacyclin), was not altered by Dex or ANG II (Fig. 2D) .
Myography. Cumulative addition of arachidonic acid led to coronary vasodilatation that was not significantly decreased by prenatal Dex exposure (Fig. 3, P ϭ 0.10) . Rubbed arteries from the same Dex-exposed sheep had significantly decreased arachidonic acid-induced vasodilation (P Ͻ 0.05 vs. control), consistent with the impairment in smooth muscle PGE 2 production seen in cell culture. Likewise, the nonselective cyclooxygenase inhibitor indomethacin significantly decreased vasodilatation of control (P Ͻ 0.01) but not Dex-exposed coronary arteries (P ϭ 0.19), whereas the selective COX2 inhibitor NS398 did not significantly alter coronary responses (Fig. 3) . Among the second group of sheep, Dex-exposure enhanced sensitivity to ANG II (Fig. 4A, concentration 
responses to 10
Ϫ9 M ANG II (before the loss of tension for any vessel), bumetanide tended to decrease the response of Dexexposed coronaries ( Fig. 4A , P ϭ 0.15) and indomethacin selectively increased the response of control coronary arteries ( Fig. 4B , P ϭ 0.02). Similar responses were seen to U46619 with indomethacin selectively increasing the response of control coronaries arteries (Fig. 4D, P ϭ 0.008) .
Protein expression. Based on the myocyte and myograph results, we speculated early gestation Dex exposure may permanently decrease coronary smooth muscle cell cyclooxygenase expression. There was no effect of Dex on whole coronary artery COX1 expression by Western blot (Fig. 5) . Although Dex decreased coronary COX2 expression to 90 Ϯ 2% of the control mean, this did not approach statistical significance ( Fig.   5 , P ϭ 0.29). Likewise, early gestation Dex exposure did not significantly alter coronary smooth muscle cell COX1 or COX2 expression (Fig. 6 ).
DISCUSSION
Exaggerated fetal glucocorticoid exposure induces adultonset hypertension in sheep (12, 34) . Hypertension and many of its antecedents are risk factors for the development of coronary artery dysfunction, and coronary heart disease remains the leading cause of death in America (CDC/National Center for Health Statistics). Utilizing this established sheep model, we have previously demonstrated primary alterations in coronary reactivity including enhanced contractility to ANG II and U46619 (35, 36) . The major finding of this study is that adolescent lambs exposed to Dex in utero have impaired coronary vasodilation to arachidonic acid in association with impaired coronary myocyte PGE 2 production, and this impairment in vasodilatory prostaglandin production contributes to the heightened coronary ANG II reactivity. By utilizing two separate cohorts of sheep for whole coronary artery and coronary artery smooth muscle cell-specific investigations, we have indentified converging evidence of consistent and physiologically relevant alterations in coronary artery physiology.
We previously demonstrated early gestation Dex increases reactive oxygen species production through an ANG II-dependent mechanism. We now confirm heightened ANG II coronary reactivity in this model and have identified an important contribution from programmed alterations in myocyte prostaglandin metabolism. Further studies will be necessary to define the temporal relationship between ANG II-induced reactive oxygen species and PGE 2 production. The apparent shift in ANG II responsiveness to lower concentrations suggests the presence of increased ANG II sensitivity. Because we measured PGE 2 production over a fixed time interval, the observed increase in PGE 2 production may be a manifestation of reduced pathway enzyme Km. Notably, recent investigations have shown reactive oxygen species and PGE 2 stimulate each others production within porcine coronary arteries (31, 41) .
The suppression of basal coronary myocyte PGE 2 production months after intrauterine Dex exposure is a novel finding. As supported by the vascular reactivity data and the known effects of PGE 2 on coronary tone, this suppression in PGE 2 production appears to have important physiological effects. There are important limitations to isolated myocyte experiments that we attempted to minimize through consistent cell culture approach for Dex and control sheep and the use of complementary whole vessel phenotyping. While we identified PGE 2 and prostacyclin as the major eicosanoids produced during the in vitro incubation, it is possible other eicosanoids were produced in lower abundance and were not detected by our assay system. In vivo investigations in both sheep and atherosclerotic-prone species will be needed to further define the functional and pathological significance of these alterations. Further highlighting the benefits of cell-type specific research, a statistically significant reduction in coronary artery vasodilatory response to arachidonic acid was seen in endothelium denuded but not intact coronary arteries. Retrospective power analysis of the intact coronary artery data identified a power of only 0.5 to detect a statistically significant difference of 19.6% with a SD of 17.2%. To have a power of 0.8 to detect a difference of that magnitude, we would have needed to increase our sample size from 7 to 14 sheep. We were instead able to limit the number of vertebrate animals utilized and clarify the cell-type and pathways of interest by capitalizing on length of the sheep coronary artery to perform simultaneous experiments on denuded or otherwise inhibited arterial segments that demonstrated reduced within-group variability.
The anti-inflammatory effects of exogenous glucocorticoids include acute suppression of arachidonate metabolism. We speculated that Dex exposure during a critical window of fetal development might elicit persistent alterations. Clinical studies and animal models have supported this type of longitudinal approach when studying the effects of early life exposures. As a prototypic example, parental-child interactions induce epigenetic alterations of the neuronal glucocorticoid receptor promotor, altering gene expression and adult outcomes (25, 42) . Both COX1 and COX2 may play a role in coronary physiology and the inability of NS398 to normalize coronary responses suggests COX1 may be more important than COX2. We initially explored the effects of Dex exposure on COX expression.
Although we did not find a significant difference in COX expression by Western blot, mRNA analysis could identify a shift in the rate of COX enzyme turnover and thus catalytic activity. Further functional and molecular studies focused on COX1 and COX2 regulation are needed, as well as assessment of PGE synthase and the activity of pathways competing for arachidonate or PGH2. These studies could include assessment of the subcellular localization of COX1 and COX2, as well as assessing the potential for presumptive COX2 agonists, such as bumetanide, to improve coronary physiology in Dex-exposed sheep. Furthermore, glucocorticoids are known to suppress arachidonic acid availability by downregulating phospholipase activity (9) , and further investigations should incorporate this upstream site of regulation. Notably, ANG II stimulates cPLA2 activity in vascular smooth muscle cells (15) , and this could explain the ANG II-mediated reversal of the programmed suppression in PGE 2 production.
There are clearly diverse effects of COX-derived prostanoids on coronary physiology. Although enhanced COX2 expression may theoretically predispose to early atherogenesis through leukocyte activation (22) and one study demonstrated a protective effect of highly selective COX2 inhibitors in atheroma-prone mice (6), three other rodent studies have shown highly selective COX2 inhibitors either had no effect on atherogenesis or accelerated lesion progression (30, 32, 37) . In humans, an atheroprotective role of vascular COX2 has been hypothesized, based on reduction of COX-derived vasodilatory prostaglandin biosynthesis after COX-inhibition in healthy subjects (24) . The important role prostaglandins play in coronary health and disease has been further highlighted following the dissemination of clinical data showing increased cardiovascular morbidity among patients receiving selective COX2 inhibitor therapy (3, 4, 39) .
Perspectives and Significance
There is strong theoretical and experimental support for important links between programmed alterations in glucocorticoid homeostasis and prostaglandin metabolism in the development of coronary artery dysfunction. Our glucocorticoid exposure model was designed to mimic the end result of a variety of maternal-fetal stressors, and the physiological alterations we have identified may likewise follow prenatal conditions associated with an increase in transplacental glucocorticoid exposure, including intrauterine growth restriction. Our findings highlight a potentially important role for altered PG production in the programming of coronary artery dysfunction, and our data may have implications for a more generalized effect of glucocorticoids on the vasculature. They suggest the presence of a long-term suppression in basal PGE 2 production with an exaggerated sensitivity to ANG II. With evolving pathology, ANG II may activate NAD(P)H oxidase, with resultant inflammation and vasoconstriction. Beyond the direct effects of PGE 2 on vascular reactivity, functional coupling between arachidonic acid metabolism and reactive oxygen species production may induce synergistic effects that could ultimately lead to adult-onset coronary artery disease.
